Collaborative studies were peormed to develop a finctional assay for fish-killing activity produced by If ia piscida Eight cell lines were used to screen organic fractions and residual water fraton by using a 3-[4,5-dimethyliazol-(2-4)1-diphenyltaolium bromide cytotoxicity asay. Diethyl ether and a residual water fraction were cytoc to several cell lines icl-uding rat pituitary (GH4C1) cells. Residual water as wdl as pre acted culture water continin P. piscicida cels induced c-fiwlucifre xr in GH4C, cells with a rapid time course of induction and sensitiv detection. The reporter gene assay detet activity in toxic isolates of P. pisciida from seral North Carolina estuaries in 1997 and 1998 and may also be suitable for detg toxic activity in human and serum. Key wordve assay c-for, GH4C1, Pfiestria pscici4da, pituitary, toxin. Enuron Heah Pmpc*t 107: 711-714 (1999) . [Online 28 July 1999] bttp://dpnetld.niehs.nibgwv/lds/l999/107p711-714fai"r/absstracthtml Pfiesteria piscicida is a toxic dinoflagellate that has been a causative agent of fish epizootics and mortalities in estuaries of the Albemarle-Pamlico Estuarine Ecosystem in North Carolina and the Chesapeake Bay in Maryland (1) . The possibility for human toxicity became dinically apparent when laboratory scientists working with the toxic algae became ill (2) . The occurrence of P. piscicida in association with fish kills in the Chesapeake Bay led to intensified concern by the state of Maryland and the U.S. Congress. Case-control epidemiologic studies in Maryland demonstrated a significant relationship between contact with water containing P. piscicida (3) and symptoms that were comparable to those identified in the North Carolina laboratory scientists (24, as well as symptoms in rats that were experimentally exposed to the toxic cells (4) . Efforts to identify the putative toxin have been hampered, in part, by the need for an in vitro assay to complement the existing fish toxicity test. Likewise, definitive confirmation of exposure in the Maryland epidemiologic study has been hampered by the lack of a detection method for the putative toxins in humans.
In vitro methods for detecting algalderived toxins have relied largely on functional assays including receptor-based assays and cell-based toxicity assays (5, 6) . Cell-based assays do not require prior knowledge of the initial cellular target for the toxin, and were chosen as an initial method to screen for possible toxin activity. Selectivity for cell-based assays is based on the varying responsiveness of each cell type because of the combination of receptors, ion channels, enzymes, gene response elements, and other signal-generating molecules unique to that cell. The use ofa diverse group of cell types increases the likelihood ofidentifying an unknown activity.
Cell-based assays can be further modified by changing the end point from the mitochondrial indicator for toxicity {MTT; 3-[4,5-dimethylthiazol-(2-4)]-diphenyltetrazolium bromide (dye-based assay)} to specific gene induction (Z). These assays, known as reporter gene assays, use responsive cell lines that stably express reporter gene constructs. The constructs should contain the regulatory region of a toxininducible gene ligated to the coding region of a reporter element, such as firefly luciferase. The immediate response gene, cfos, has been used as a biomarker of effect for several classes of algal-derived toxins in whole-animal models (8) . The neuronal cell types expressing c-fos differ between toxins, indicating that the cell type conveys some degree of selectivity (9,1(7). (Figure 1 ). Thus, a treatment time of 4 hr was chosen for this assay. Sensitivity of the assay was determined by adding decreasing concentrations of the toxic culture water containing living P. piscicida cells and residual water after extraction to GH4C1-A1 cells. Both preparations gave parallel concentration curves with an increase occurring over two log orders of concentration (Figure 2 (PbTx-1), ciguatoxin (CTX-C3), saxitoxin (STX), and domoic acid (DA) was determined. None of these algal-derived toxins induced the reporter gene in GH4C1-A1 cells; however, PbTx-1 and CTX-C3 induced reporter gene activity, and STX inhibited activity in Neuro2AC cells (Figure 3) .
Materials and Methods
The effect of serum as a matrix for the reporter gene assay was determined by spiking human serum with the residual water fraction of P. piscicida. A given amount of the residual water fraction was combined with increasing volumes of human serum and this mixture was then added to the assay. The assay detected activity when the residual water fraction was mixed with as much as 20 1sL human serum (Figure 4) . In a separate set of experiments, stability of the residual water fraction was determined in human serum. Human serum was spiked and aliquots were frozen at -800C or lyophilized and compared to lyophilized residual water and retested following 1-, 8-, 30-, and 90-day storage at -80°C. No decrease in percent induction of c-fos luciferase was found and values for 10 1L of the -800C frozen serum, lyophilized serum, and lyophilized residual water were within 20% for each of the times tested (12.
Discussion
The goal of this study was to provide tools necessary to enhance research on P. piscicida and its toxins. Specifically, we sought to develop a functional assay to guide purification of the toxin(s) and to provide a means to screen for toxic activity in algal cultures and perhaps biological fluids. Toxic activity was assessed using a panel of cytotoxicity assays, which identified activity in both lipid-soluble and water-soluble components. The GH4C1 cells showed the largest cytotoxic response to both the diethyl ether and residual water fractions. However, only the residual water fraction induced the reporter gene activity in these cells. Taken together, these results may suggest that more than one form of the putative toxin exists. Because the reporter gene assay requires approximately 100 times less active material than the fish assay, it is the most practical means to guide fractionation of the toxin. Purification of the water-soluble activity by several chromatographic procedures shows that fractions containing the reporter gene activity coelute with fish-killing activity (13) , indicating that the toxic activity of these fractions may be responsible for the unusual fish mortality events associated with P. piscicida.
This report describes the initial characterization of a functional assay for fishkilling toxins produced by P. piscicida The reporter gene assay in GH4C1-A1 cells shows some degree of selectivity for algal-derived Human (pil) Figure 4 . Detection of residual water fraction activity in spiked serum. Abbreviations: GH4C -Al, stably transfected rat pituitary; PfTx, Pfiesteria piscicida; RLU, relative light units. GH4Cl-Al c-fosluc cells were treated with water or the residual water after extraction from the Pritchard Pond isolate of PfTx (10 pl) that had been preequilibrated with increasing volumes of human serum. GH4C1-Al cells were lysed at 4 hr and the activity of the solubilized luciferase protein was measured in a microplate luminometer. Each bar represents the mean ± standard error of 4 wells for a representative experiment, which has been repeated with serum from rat, dolphin, and menhaden.
reporter gene, but no effects were seen with nonconcentrated water. The application of appropriate Instant Ocean concentrations controls for seawater effects. If salts are concentrated, they must be removed. A method for salt removal still must be developed.
However, biological fluids, such as human serum, or media, such as seawater or aquarium water, conditioned with fish have not generated false-positive results when added to the assay unless they are concentrated.
The sensitivity of the reporter gene assay could not be precisely determined because purified standards do not currently exist. The concentration dependency was accordingly calibrated to the P. piscicida cell number. Complete dose-response curves yield a bellshaped response, with incremental increases in luciferase activity until inhibition of luciferase activity presumedly due to cytotoxicity co-occurs; this in turns leads to decreases in luciferase. Culture water containing 100 cells/well (0.1 mL) of the Pritchard Pond isolate of P. piscicida inhibits reporter gene activity and 30 cells causes a maximal induction of luciferase. When the residual water fraction extracted from this culture is tested, a 30-cell equivalent is inhibitory and a 10-cell equivalent causes a maximal induction. One potential explanation why the residual water fraction is more potent that the culture water is because the cells have been lysed and their contents released.
Because the density of toxic cells ranges from approximately 250-250,000 cells/mL in the wild during fish kills (2, 14) , the detection limit of the assay may be suitable for testing unprocessed water samples. We anticipate that the assay may also be suitable for measuring the presence of the activity in exposed animals, such as fish at the site of a mortality event, or perhaps humans. Watersoluble algal toxins such as STXs and DA have been measured in the serum of acutely exposed humans and laboratory animals by receptor assays (15, 16) . In the only published laboratory animal study of Pfiesteria toxins to date (4), injection of 30,000 and 100,000 cells/kg generated neurobehavorial effects in rats. However, the reporter gene assay will only serve as a screen for toxic activity; detection of the putative toxins directly will require chemical analysis.
Current studies are directed at purifying the component(s) causing fish-killing activity and elucidating its structure. The use of cytotoxicity screening with multiple cell lines proved to be an effective means to monitor the activity of toxin. Use of the fish bioassay as a parallel standard method provided a means to determine that the activity was associated with the fish-killing properties of P. piscicida The reporter gene assay provides a rapid and sensitive means to screen for this toxic activity to guide purification and monitor toxic cultures.
